Abstract. Modern software systems are often required to adapt their behavior at runtime in order to maintain or enhance their utility in dynamic environments. Models at runtime research aims to provide suitable abstractions, techniques, and tools to manage the complexity of adapting software systems at runtime. In this chapter, we discuss challenges associated with developing mechanisms that leverage models at runtime to support runtime software adaptation. Specifically, we discuss challenges associated with developing effective mechanisms for supervising running systems, reasoning about and planning adaptations, maintaining consistency among multiple runtime models, and maintaining fidelity of runtime models with respect to the running system and its environment. We discuss related problems and state-of-the-art mechanisms, and identify open research challenges.
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Introduction
Many modern distributed and open software-based systems are required to adapt their behavior at runtime in order to maintain or enhance their utility [19, 58] . Models at runtime (M@RT) research focuses on how models describing different aspects of a software system and its environment (e.g., requirements, design, runtime configuration) can be used to manage the complexity of effectively adapting software systems at runtime [11, 40] . This chapter is a distillation of discus-sions held in a working group at the Dagstuhl Seminar on Models@run.time 1 . The working group discussions focused on challenges associated with developing M@RT mechanisms to support runtime software adaptation. Specifically, we discussed challenges associated with developing mechanisms for (1) creating runtime models, and updating them in response to changes in the system and its environment, (2) reasoning about changes in the system, its requirements, or the environment to select or produce appropriate adaptation strategies, (3) analyzing and maintaining multiple runtime models, which represent different aspects of the running system or its environment, and (4) establishing and maintaining fidelity of the runtime models with respect to the running system, its requirements, and its environment.
It is important to notice that M@RT can support a plethora of tasks other than software adaptation, such as for example software auditing and monitoring. However, software adaptation is by far the most challenging application of M@RT mechanisms and thus represents the focus of our discussions. Analogously, it also important to mention that M@RT is not the only way to implement self-adaptive systems even if it represents a common approach.
We developed a conceptual M@RT reference model to provide a framework for our discussions. The reference model is based on what we considered to be core M@RT concepts and terminology, and it was used to situate the mechanisms we discussed. For each mechanism we identified challenges associated with its development and use in the context of the reference model. In addition, we reviewed the state of the art and formulated open research challenges for the mechanisms. The discussions raised a number of challenging research questions, for example, What are the key abstractions needed to support effective M@RT adaptation? and How can these abstractions be used to create appropriate adaptation mechanisms in open settings, e.g., in Internet of Things and Cyber-Physical Systems? In contrast to other work that discusses the state of the art and research challenges for self-adaptive software systems [19, 58, 75, 79] , our discussions focused on adaptive systems based on M@RT.
The chapter is structured as follows. Section 2 presents the terminology and the conceptual reference model we used to frame our discussions. Section 3 discusses the challenges associated with developing appropriate M@RT mechanisms. Section 4 reviews the state of the art and discuss open research challenges. Finally, Section 5 concludes with an overview of the major contributions of this chapter.
Terminology and Reference Model for M@RT
In this section, we define the terminology underlying the conceptual reference model for M@RT that will be presented afterwards and used to frame our discussions in the rest of the paper. The terminology and the conceptual reference model presented here are generic so that they can be applied to a wide variety
